genes, was cloned into Escherichia coli K-12 from Shigella flexneri 1b chromosomal DNA. Subcloning and Tn5-Tc1 transposon experiments showed that cri locus was located on a 2.6-kb HindIII fragment. Nucleotide sequence analysis of the region revealed at least three open reading frames (ORF), one of which, named criR, encoded a protein of 226 amino-acid residues and transcriptionally increased the ipaB expression. The deduced regulatory protein CriR shared a significant homology with bacterial transcriptional activators of the two-component signal transduction family. A homologue of the criR gene was INTRODUCTION Shigella species is the causative agent of bacillary dysentery, invading to the human enteric epithelial cells (1) . The invasion of Shigella is a multiple step process i.e., entering cells, lysing vacuoles, multiplying and moving therein and spreading to adjacent cells (2) . All of Shigella species harbor a high-molecularweight plasmid (invasion plasmid) encoding functions essential for the virulence (3) . The function(s) of the invasion plasmid is interchangeable among four species of Shigella (4) . For instance, a 37-kb region from such an invasion plasmid of S. lexneri restores the entry phenotype of a plasmid-cured Shigella strain (5) , and a similar 37-kb segment from the invasion plasmid of S. sonnei confers the ability to enter LLC-MK2 cells on E. coli K-12 (6) .
Genetic analysis of the region has shown that many closely related genes are required for the invasion of bacteria, including ipa (invasion plasmid antigen), mxi (membrane expression of invasion plasmid antigen), and spa (surface presentation of invasion plasmid antigen), which were located on the 37-kb segment. The ipa genes encode the IpaABCD proteins that are dominant antigens in the humoral response to shigellosis (7) . Both the mxi and spa genes code for the secretion apparatus to release the Ipa proteins (8) (9) (10) (11) (12) . Through transposon insertion and deletion mutagenesis, it has been demonstrated that the ipaB, ipaC and ipaD genes belong to the same transcriptional unit and are essential for bacterial entry into epithelial cells via directed phagocytosis (12) (13) (14) (15) . Expression of the ipaBCD genes is positively regulated by virF and invE (virB) genes on the invasion plasmid (16, 17) . virF gene, about 50 kb apart from the ipa operon, encodes a 30-kDa polypeptide and invE located downstream of ipaBCD transcriptional unit encodes a 35-kDa protein. VirF is required to activate the transcription of invE, and InvE on its turn transcriptionally enhances the expression of ipaBCD genes (16, 17) . The invasiveness of Shigella is affected by the temperature and osmolarity of environmental conditions under which bacteria grow (18, 19) . It has been demonstrated that Shigella is virulent when cultured at 37 C but avirulent when cultured at 30 C, which is mainly due to the temperature-dependent expression of invE gene (20 were transformed into MB76 and MC1061. Resultant transformants in MB76 but not in MC1061 showed dark blue colonies again. Restriction enzyme analysis of the recombinant plasmids showed that the two DNA clones carried 11-kb (named pQ446) and 4.3-kb inserts (named pQ445), respectively. These inserts did not have a common restriction site, indicating that the two clones were not overlapping. Plasmid carrying 11-kb insert (pQ446) was chosen for further investigation, because the pQ446 raised the ipaB expression more prominently. The increase of ipaC gene expression by pQ446 was also shown by the use of ipaC::Tn3-lac fusion, pHB118 as well as that of ipaB (Table II) . The enhancement of ipaBC gene expression by pQ446 was not so high as that by virF but was significant (Table II). Western blotting analysis by using anti-IpaB monoclonal antibody and anti-IpaBCD serum provided further evidence showing that regulatory gene(s) on pQ446 increased the expression of not only IpaB (Fig. 1 ) but also IpaCD proteins (data not shown). We named the genetic determinant(s) on pQ446 cri (chromosome-coded positive regulator for ipaBCD expression).
Cri Locus Increasing the Expression of ipaB at Transcriptional Level The ipaBCD genes are transcribed mainly as one transcriptional unit (13, 31) . In order to find whether cri increases the expression of ipa genes at the transcriptional level, we performed Northern blot analysis of total RNAs prepared from E. coli K-12 MC 1061 carrying pJK1142 alone or MC 1061 carrying pJK1142 plus pQ446 (en). MC1061 itself and MC1061 carrying pJK1142 and pHW771 (virF) were used negative and positive controls, respectively. Two bands hybridized with a ipaBC probe were detected in RNAs prepared from strains carrying both pJK1142 and pQ446 or both pJK1142 and pHW771 (Fig. 2, lanes 3 and   4) . The sizes of the two bands were 3.3-kb and 2.4-kb long corresponding to ipaBC-and ipaB-specific mRNA, respectively, as shown by virF-in vE (virB) regulators (13) . Although MC1061 carrying pJK1142 expressed undetectable amount of the ipaBC transcripts, introduction of pQ446 into the bacteria resulted in a significant increase of the transcripts but a less increase than that of pHW771( Fig. Fig. 2 . Enhancement of ipaBC transcript by cri locus. Twenty micrograms of total RNA from each strain was separated on 1% agarose gel, transferred to nylon membrane filter and hybridized with a 2.4-kb EcoRI fragment containing ipaBC genes. The filter was exposed to Xray films for 48 hr. Lane 1, MC1061; lane 2, MC1061 carrying pJK1142; lane 3, MC1061 carrying both pJK1142 and pQ446; and lane 4, MC1061 carrying both pJK1142 and pHW771. The molecular size (kb) is indicated on the right. These results indicated that cri locus increased the expression of ipa genes at the transcriptional level.
Positive Regulation ofpQ446 not Mediated by invE
InvE, a positive regulator necessary for the expression of the ipaBCD genes was located on the 37-kb segment (pJK1142) of the virulence plasmid of S. sonnei (17) . In order to find whether the positive regulation by cri was mediated by invE or not, pHW735 (ipaB::Tn3-lac, invE) and pHW736 (invE::Tn3-1ac) (17) were used as monitor plasmids for the expression of ipaB and invE, respectively. As shown in Table II , the ipaB expression without invE increased more than 10-fold in the presence of cri locus, while the expression of invE (pHW736) was not in- ORF2 (criR) Responsible for cri Activity Deletion and subcloning experiments showed that the gene, cri, was located on the 2.6-and 0.6-kb contiguous HindIII fragments (3.2 kb) of pQ446 (the left end of their HindIII sites is derived from vector pACYC184, see Fig. 3 ). The 3.2-kb HindIII fragments cloned into pSU19, pQSH03, was used for the transposon mutagenesis with Tn5-Tcl. Four Tn5-Tcl insertions that eliminated the ability to enhance the ipa expression were mapped in the middle of the 2.6-kb HindIII fragment (Fig. 3) . Then, we sequenced the 2.6-kb HindIII fragment of pQSH02.
Three open reading frames were identified in the region (Fig. 3) . Transcription of ORF1 and ORF2 proceeded in the same direction, and that of ORF3 in the opposite direction. The insertion sites of the four Tn5-Tcl were within ORF3 in the opposite direction. The insertaion sites of the four Tn5-Tcl were within ORF1 and ORF2. In order to find which ORFs were involved in the cri activity, we constructed deletion mutants of pQSH02 and examined their activities. A deletion mutant of ORF1, pQSS01, and a deletion mutant of ORF3, pQD01, still retained the regulatory activity of cri (Fig. 3) . However, pQSK201, which has a deletion of 0.6 kb Pstl fragment in ORF2, lost the cri activity (Fig. 3) . The results indicated that the ORF2 was responsible for the regulatory activity. Then, we named ORF2 criR.
The orientation of transcription of ORF1 and ORF2 (criR) in the plasmids used (pQSH03, pQSH02 and pQSS01, etc.) was the same as that of lacZ gene of the pSU19 vector. When the inserts of pQSH02 and pQSS01 were ligated at the opposite orientation, the resultant plasmids lost the cri activity (data not shown).
We found the ribosome-binding domain but not apparent -10 or -35 promoter region upstream of ORF2. Further, ORF1 was truncated at the N-terminal in the 2.6-kb HindIII region sequenced (data not shown). These results suggested that ORF1 and ORF2 (criR) are transcribed as one transcriptional unit from the promoter of the vector (e.g., in the plasmid pQSH03). to CriR, respectively. Asp-12, Asp-57, and Lys-107 (boxed with dots) in the CriR sequence are highly conserved residues among all response regulators previously reported. Asp corresponding to Asp-57 is known to be phosphorylated by the protein kinase of cognate sensor in other signal transduction components (32). To locate the cri gene on the chromosome DNA, we used a Gene Mapping Membrane (Takara), containing a set of phage clones of the entire E. coli chromosome DNA (33) . Hybridization of the 0.6-kb Pstl-DNA fragment containing criR gene with the Gene Mapping Membrane showed a homology with 3G5 and 1G6 phage clones. The two clones carried an overlapping region. The overlapping region hybridized with the probe was mapped at 14.6 min on the chromosome of E. coli K-12 (30) . The comparison of the restriction pattern among 3G5, 1G6 and the insertion fragment of pQ446 showed that the region containing the cri locus in S. flexneri lb was very similar to the 14.6-min region of E. coli K-12 (data not shown). As CriR is a homologue of response regulators and increased the transcription of ipa genes, it will be one possibility to think that phosphorylated CriR directly binds to a site upstream of ipa genes promoter and enhances the transcription.
The criR activity for ipaB transcription is indenpendent of that of virF-invE because criR could increase ipaB expression without virF or invE. However, ipaB expression in the presence of virF-invE was much higher than that in criR only.
We found also similar sized-transcripts for ipa locus both in the presence of only criR and in the addition of virF-invE. It may be possible to assume that CriR directly acts in the promoter region of ipa genes and that InvE increased by virF function modulates the action of CriR. To certify this hypothesis, it will be necessary to isolate a null mutant of criR in Shigella or E, coli and examine the expression of ipaB genes in that mutant.
CriR is a member of response regulators.
It is reasonable to suppose that its cognate sensor gene exists upstream of criR because genes belonging to the twocomponent signal transduction system generally exist as contiguous genes and one transcription unit (32) .
We found an open reading frame (ORF1), whose 5' end was truncated in our clone, at the upstream of criR. Homology search of ORF1 indicates that its C-terminal amino-acid sequences are significantly homologous to a member of signal sensors (unpublished data). ORF1 and criR seem to be a new member of the two-component signal transduction family. Physiological function of ORF1 (criS)-criR and characteristics of the environmental stimuli for criS criR remain to be elucidated in the future.
